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SUMMARY

An experimental investigation of annular convergent nozzles with

concave central bases has been conducted in which the effects of vari-

ation in the ratio of annulus-gap width to base radius and the ratio of

annulus-gap width to base depth were examined. Thrust performance com-

parable to that of a conventional convergent nozzle was obtained for

those configurations in which the ratio of annulus-gap width to base

radius was largest, that is, approximately 0.25. In general, increasing

the base depth by extending the turning lip improved thrust performance

and increased pressures on the base.

INTRODUCTION

Studies of Jet efflux, in which three or more parallel nozzles were

clustered in close proximity to each other, have disclosed that inter-

ference between the individual jets can result in reversal of a portion

of that flow confined between the adjacent Jet boundaries. In refer-

ences i and 2, studies of the manner in which this flow reversal affects

conditions on a missile base indicate that pressures over the base are

increased under certain conditions. An attempt to utilize this base

pressure rise through the use of an annular convergent nozzle with a

concave central base was reported in reference 5- The thrust ratio

obtained was comparable to that of conventional convergent nozzles

operating at low pressure ratios, but did not indicate the under-

expansion losses characteristic of convergent nozzles at high pres-

sure ratios. In an attempt to exploit these favorable results, three
series of nozzles were tested to determine the effect of geometric

parameters on the nozzle performance and the results are reported herein.

The first series of nozzles (series A) used in the present investigation

were designed with turning lips having small radii of curvature in order

to avoid excessive boattail drag and internal losses. However, since

series A nozzles exhibited poor static performance, other nozzles

(series B and C) were tested. These nozzles closely resembled the

exploratory nozzle of reference 3, but they were designed to vary some

of the geometric parameters which affect nozzle performance.
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The purpose of the present investigation was to determine the
effect of somegeometric parameters on the static performance of an
annular nozzle with a concave central base. The main points of inquiry
were to determine the effects of g/R and g/Z on both the general
pressure level and the distribution of pressures over the central base
and to determine the effects of these ratios on the variation of over-
all thrust performance with Jet total-pressure ratio. The test was con-
ducted in the jet-exit test stand of the Langley 16-foot transonic tunnel.
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SYMBOLS

measured thrust,

base thrust, 2_ Pb - p r _, lb

ideal thr_t for complete isentropic expansion of primary

flow, w Z Tt,j - \p--_j/ , ib

gravitational acceleration, _/sec2_ or a_ulus-gap

width, in.

distance from nozzle-exit plane to concave base, in. (see

fig. i)

static pressure, lb/sq ft

total pressure, lb/sq ft

ratio of primary Jet total pressure to ambient static

pressure

gas constant (69.89 for 90 percent H202 products at

1,364 ° F), _/°R; or base radius, in.

radial distance from base center to pressure orifice, in.

L

1

6

4

6

T t total temperature, OR
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Subscripts:

a

b

measured weight flow, ib/sec

ratio of specific heats (1.266 for 90 percent H202 products

aS 1,364° F)

design turning-lip angle, deg (see fig. I)

actual dlscharge-convergence angle at the jet exit, meas-

ured from center line, deg

ambient (atmospheric)

base

jet

APPARATUS AND METHODS

The present investigation was conducted at the jet-exit test stand

of the Langley 16-foot transonic tunnel. Three series of convergent

nozzles with concave central bases which formed annular exits were

tested. Series A (fig. l) consisted of models with a short nozzle-lip

overhang, a constant ratio of annulus gap to base radius (g/R _ 0.15),

and nozzle turning-lip angles varying from 15 ° to 60° . Series B and C

(fig. l) had constant turning-lip angles of 15 ° and 30°, respectively,

and varying ratios of annulus gap to base radius and annulus gap to

base depth. A hydrogen peroxide turbojet-engine simulator of the type

described in reference 4 was used to produce a hot-jet exhaust. Sketches

of the configurations are presented in figure l, and photographs of two

of the models tested are presented in figure 2.

The instrumentation included a one-component strain-gage thrust

balance, a total-pressure probe and a total-temperature probe located

in the tailpipe, static-pressure orifices on the external portion of

the afterbody and on the concave central base located 45 ° in a clockwise

direction from the top, and an impeller-type electronic flowmeter. The

pressures were measured with electrical pressure transducers with out-

puts transmitted to and recorded by an automatic digitizer system. The

thrust-balance and flowmeter outputs were also recorded by this system.

The jet stagnation temperature was measured with a pen-trace self-

balancing potentiometer. The pressure and forces were converted to

absolute units and ratios by machine computations.



The estimated accuracy of the pressure measurementsis _ percent.
Thrust measurementsare estimated to be accurate within ±4 potundsof
thrust, and measuredweight flow is estimated to be accurate within
±0.02 pound per second.

RESULTSANDDISCUSSION

The results of the measurementsof base pressures, flow-visualization
studies, static thrust, and weight flow for the various configurations
tested are presented in figures 3 to II. Pressures on the external por-
tion of the afterbody were found to have no measurable effect on thrust
and are, therefore, not presented.

Base Pressures

Figure _ presents the base pressure distributions for the series A
nozzles, in which the ratios of annulus gap to base radius g/R were
held constant at approximately 0.15. For these nozzles, with the excep-
tion of configuration IV, the pressures on the concave central base gen-
erally were less than ambient. This suggests that aspiration was the
predominant phenomenonfor all these configurations as evidenced by the
poor thrust performance shownsubsequently. The flow-visualization
photographs in figure 4 substantiate this, since it can be seen that
for series A the flow boundaries curved toward the axis of symmetry.
Furthermore, the actual discharge-convergence angle immediately behind
the jet exit _ wasmeasuredas about 18° for this configuration,
whereas the design turning-lip angle 8 was 30° . From figures 3 and 4

it was concluded that the short turning llps of these nozzles were not

sufficiently effective in converging the flow. (See ref. 5.) The poor

performance of the series A nozzles may be attributed to several causes.

Primarily, the low values of actual flow-convergence angles resulted in

an extensive surface of contact between the annular Jet and the fluid

contained in the base region, a condition favorable to mixing of the

two fluids. Furthermore, the ineffectiveness of the turning lips may

have permitted a peripherally nonuniform convergence of the flow with

accompanying turbulence. Both these conditions could result in aspira-

tion of the base region.

The base pressures for the series B nozzles (e = 15°) as presented

in figure 5 show similar effects of aspiration, and for these configura-

tions the low values of design turning-lip angle contributed to estab-

lishing similar mixing conditions. For configurations in which the

turning lip extended well beyond the base (low g/Z), for example, con-

figuration VI, base pressures exceeded ambient pressure and increased

with increasing jet total-pressure ratio.
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Figure 6 shows the base pressure distributions for the series C

nozzles. As with the series B nozzles, with other factors similar,

extending the turning lip appears to have increa_ed base pressures. In

addition, nozzles with large ratios of annulus g_p to base radius g/R

exhibited higher base pressures for the same values of jet total-pressure

ratio and g/Z. It is evident that for the series C nozzles the effects

on base pressure which resulted from redirecting the jet flow to an

axial direction were more significant than were the effects of aspiration.

The base pressure distributions for several of the configurations

(III, IV, VII, and Xa) indicated higher pressures at the cemter of the

base and at the outer edge, which suggests the e×istence of a vortex-

ring type of flow contained between the converging annular jet and the

central base, as noted in reference 3. However, consideration of the

change in axial fluid momentum between the exit and a point in the flow
after axial redirection does not require that a ring vortex flow be a

fundamental mechanism by which flow redirection and base thrust are

attained. If the static pressure in the confined base region is suf-

ficiently high, the converging flow is redirected axially in a gradual

manner. If, however, the base pressure is not sufficiently high to

redirect the flow (as in initiating nozzle flow), converging streamlines

meet at finite angles. For subsonic inviscid flow, a backflow along

the axis toward the base _s required in order to satisfy the axial

momentum relation; thus t_ie pressure of confined gases in the base

region is raised until the backflow is no longer necessary. If the

converging flow is entirely supersonic, viscosity becomes a dominant

influence on the backflow and base pressurization. This aspect is

discussed in greater detail in reference i in connection with jet

interference. A ring-vortex flow can exist when the gases in the base

region are entrained by the converging jet flow because in such cases

the gases in the base region are not truly confined.

Base Thrust

Base pressures for all configurations were integrated over the

base area in order to obtain values of base thrust as indicated in fig-

ures 7 to 9. These figures show that generally when the base thrust

was positive, it increased with Jet total-pressure ratio as was to be

expected from the results of reference 3. Furthermore, the variation

of base thrust with jet total-pressure ratio is of increasing slope

where base thrust is positive. This increasing slope with increasing

pressure ratio is most pronounced for configurations having long lip

overhangs (low g/Z). The increasing ratio of base thrust to jet thrust

for these cases may be attributed to the fact that, for large values

of Z, the flow issuing from the annulus had only one solid boundary,
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which was the lip overhang. Thus, for high Jet total-pressure ratios

(_-_> 1.81Pb 1a P_a the jet was permitted to expand toward the axis of

symmetry, and the actual convergence of the flow and consequently the

base pressures increased. Variations in the extent of aspiration and

external flow expansion would influence the nonlinearity of the base-

thrust curve for all configurations.

Nozzle Performance

The variations of measured thrust, ideal isentropic thrust, and

thrust ratio with jet total-pressure ratio are presented in figures 7

to 9 for the various configurations. The performance of the series A

nozzles is shown to be poor, primarily as a result of base aspiration.

The effect of llp angle could not be determined for these nozzles inas-

much as the lip was not of a length sufficient to converge the jet

streamlines toward the axis of symmetry.

Losses were generally small for the series B and C nozzles in

which a smoothly contoured base and an extended lip overhang were

employed. These configurations tend to show that for increasing jet

total-pressure ratios the thrust ratios do not exhibit the decrease

which is characteristic of conventional convergent nozzles due to

incomplete expansion of the nozzle flow. (See ref. 6.)

For turning-lip angles of 19 ° and 30° and various Jet total-pressure

ratios, the effects on nozzle performance of g/R and g/_ are shown

in figures l0 and ll, respectively. For nozzles with either turning-

lip angle, the thrust ratio was highest when the ratio of annulus gap

to base radius g/R was near the maximum tested (fig. lO). The ratio

of _nnulus gap to base depth g/_ had little effect on the l_° nozzle,s,

but the 30 ° nozzles showed a distinct improvement as the base depth

was increased. Although the nozzles with the extended lips showed good

performance for static conditions, the increase in boattail area would

undoubtedly incur higher external drag in an airstream.

Although thrust performance was best for nozzles with high g/R

ratios, in practice those nozzles with lower g/R ratios may be more

desirable. As _R increases, the annular nozzle configuration

approaches that of a conventional convergent nozzle with no central

base (g/R = _) and, thus, the advantages of the annular nozzle over the

conventional convergent nozzle as stated in reference 3 become less

significant. There is evidence, however, that it may be possible to

improve markedly the performance of annular nozzles with low values of

g/R by reducing the aspiration effect, that is, mixing at the interface
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between the annular Jet and the fluid contained in the base region.

Reference 7, for example, shows that the divergence of a jet mixing

region is diminished if the Mach number of the jet is increased rela-
tive to the Mach number of the surrounding fluid for all the degrees

of expansion that were investigated. The possibility then exists that

for an annular jet flow at high Mach number (perhaps partly expanded

within a convergent-divergent annulus gap), thrust performance could

be improved especially for nozzles with the low value of g/R and/or

small lip angles 9, that is, with extensive surfaces of contact between

the annular Jet and the pressurized gas in the base region.

CONCLUDING REMARKS

An experimental investigation of annular convergent nozzles with

concave central bases has been conducted in which the effects of varia-

tion in annulus-gap width and base depth were examined. The highest

thrust ratios were obtained from those configurations in which the ratio

of annulus gap to base radius was greatest. However, unreasonably large

annulus gaps were unnecessary, since thrust ratios of about 97 to 99 per-

cent of ideal were obtained from configurations for which the ratio of

annulus-gap width to base radius was about 0.25. In general, increasing

the base depth or extending the turning lip improved thrust performance

and increased pressures on the base.

Langley Research Center,

National Aeronautics and Space Administration,

Langley Air Force Base, Va., October 24, 1961.
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Series B

Series C

Nozzle Pot jr,lelers

Serle_ A

&
Config. deg R R I R2 g _ g/R g/_

I 15 2.71 3. rl 04_ 0.41 0.11 OJ5 373

30 2.7P 5.07 4 41 .21 J5 195

Trr 45 2.71 3,00 42 .42 .30 I 6 I 40

T_- 60 270 2.91 4_' .42 56 I 6 I I 7

Serie_ B

__ 15 216 264 0.75 0,52 0 13 024 400

_T 15 216 264 7. _ 65 61 29 1,03

_ZZ(a) 15 2.16 272 7. _, 63 37 ,29 1,70

]2I(b) 15 2t6 277 75 65 .17 .29 371

Serie! ("

"gift 30 200 200 0.5[ 022 044 O I I 050

_71TT 30 200 200 55 .37 74 .19 .50

"_FIT(o) 30 200 2 33 55 37 14 .19 264

30 170 2 O0 4:" 36 20 .21 180

..7,. 30 200 200 55 47 94 24 50

X(a) 30 200 2 35 55 ,47 34 24 138

X(b) 30 200 239 55 .47 25 24 188

30 1.70 200 47 49 36 29 156

30 .70 200 .47 54 .56 52 .96
I

Pressure Orifice Locations O_ Concave Base

Config r r/R Corfig r r/R

I and 0 ..... 0 ]_ cmd 0 0

_z 84 34 _t. 53 25
t.69 _ 62 105 .49

253 93 158 73 ,

2,65 98 2 It 98

]]I ond 0 O .... ]_._, _I, 0 0

_ 84 31 end _ 84 49

I 68 62 168 .99

2 52 93

-2 64 98 5ZE., :_I _00 0
and X 98 49

195 98

Figure i.- Nozzle geometric parameters. (All linear dimensions are

in inches.)
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Three-quarter rear view

Rear view

(b) Configuration VI.

Figure 2.- Continued.
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Configuration T

8--15 °

g/R= 0.15
g/_ = 3.73

Pt,j/Po

:_ [] 2.56 _ _ ,::

!2 ?

"2 _:: _!Hr- if:: _ i/_:

Configuration Tr '_::{_ ilj

_= .BE_ e:30 o

,.oI_!
i#,-_11

+ i

.8_
o

_44

.2

g/R = 0.15
g/Z, = 1.95

Pt,j/Po

0 1.98
[3 3.01

<>__ i!i_iq _ _ _:_
_l_:_, _i,_H_,__i i_!!I_4_ r_:_

'_ '_1 !
ft_i __t_!_ _,_i!i ......"

_x , j,. i!i_:!!ii
_Z[ i:,:lm" _!tt Z_.'I :':': ....

....... Hq+m_q÷_ T._ !_ii
_I_II................

_l:ll:_fr/ _,:' :, ..

.4 .6 .8 1.0

Fraction of base radius, r/R

(a) Configurations I and Ii.

Figure 3.- Pressure distributions on concave central base of

series A nozzles for various jet total-pressure ratios.
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Configuration TIT

8= 45 °

g/R = 0.16

g/_ = 1.40

Pt,]/Pa

I.I _iiiiiiiilr.:l'.ii,H+H+F_l-Ujbii_iq:i 0 2.02-
-"I',',I',',l',l-'l',l ............... Itm /-1 9 Cl 8

, _ ___r!llll!lll',!ll',l'-"ll',_l_

o liiiiiiiiill!!!ii[iil_i]_........ _' _:' , ....
t_

I_. " _!i' ' ]

o" 9  t ill V Cant guration

8: 60o
g/R = 0.16

3 g/Z_ = 1.17

_ Pt j/Pa

c_ 0 1.97
"6 I-I3.05

:8 0 3,42

E Z_, 2.10o

Flags indicate decreasing
-9° 1.3 +_H+Htf,,H_, • i " 'i

............. II', l;-",IIlll............ jet pressure rot o ; n®
i l i!i!!!!'.',',',',",'.',',:',_',',_i__.-i "'_ _ _ '- __-' _........................ _ .... _,° .......................
.................. I ..... IiliI:ll'[li_i | ; i :tl:T :- '_' _'":- : """':""":.......'........... " '-_ _': '_ _II_]
_F'_`_.`_`_:_i_`_'._::_`_i:;_i_m_4_=_._:_

.......................... •. i,,,,,,..,,I,,,,,,',,,llIll,,,,l,,ili'.',',i',',',',',i_',H4, f_.l

-",',,,_'_,,4.U,I _ , _'''`'_t_'y_``'`I_!!-'_'_'_'_H_''I''`'_''_''`'_`I'_I_I_.H-f_
......... ,,'V't,............... ,,"t"_,,,4.L "-',',li',',lilIllIilll',i'-i',llIIl',iIlilll
I_H4 Tth, '-_'", ', ', ', ', ', ', ', ............................ :I:lll::,,,,I,,i,,,,I _,

_itti!!! .... i ............. !!iii!!_.iil!!!!iii_iiiiil!ilii,,
_''''''''_''_'_[_'_''1-"''_''I'_``'_'''_I_II_I_`':`_`_'`¢_2_I_-"II_I_`_'''`I'1_I_,,_,

_',',','," ! iiii!!!iiiiiiiiiiiiiiiiiiiiqiE_:ilil_il_'l

......... ,,,,,,_T_tiliiiiii]!]iiii]iiliiii!!]!!illiiiiiillllill

-" F_r _JJ I _.'_"2_,,, H-L,_I ', ', I ', ', I 1,, I i i I FN-HI+H+H-F_I 1[ I I I _; I I __.J ] I ',[; I ,T_,, _ ', ', ; ', I ] -"I I ', ', I ' J ] !_ i I I ; I

0 .2 .4 .6

1.2

t.I

1.0

Fraction of base radius, r/R

(b) Configurations III and EV.

7 r[,;_ :

>i-,ii,4ki

!t-_ _H_

,]_ H4 -i-rfi_H"

iS- D:

ii iii iiii_-

_!!!_ iiiilN

Ill ',L

iii ,,;- '->-'-+++-_-

.8 1.0

I
t-'

Figure 3.- Concluded.
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(a) Right side view. L-60-365

(b) Three-quarter rear view. L-60-363

(e) Left side view. L-60-367

Figure 4.- Flow boundaries created by nozzle of configuration II

exhausting over a stainless-steel flat plate for a jet total-
pressure ratio of 2.0.
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(a) Configuration V.

Figure 5.- Pressure distributions on concave central base of
series B nozzles for various Jet total-pressure ratios.
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[] 2.14

O 2.44

z_ 2.61

.8 1.0
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(b) Configuration VI.

Figure 5.- Concluded.
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1.7

1.6

JC)

Q.

_ 1.5
0

113

u'J

_ 1.4

Q.

._

x_ 1.3
E
0

_ 1.2
0

123

I.I

1.0
0

Configuration

g/R = 0.11
g/7, = 0.50

PI, j/po

0 2.50 r_ 5.71 _7 8.10
[3 5.25 o 6.24 17" 6.65

0 4.13 o 6.56 [7' 5.52

A 4.80 0 7.22 u" 3.94
_, 5.14 m 8.04

indicate decreasing jet pressure ratio

.2 .4 .6 .8

Fraction of base radius, r/R

I.O

(a) Configuration VII.

Figure 6.- Concave central base pressure distributions of series C

nozzles for various Jet total-pressure ratios, e = 30 °.
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Configuration _3ZIIZ

g/R =0.19
g/Z =0.50
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O 2.32
D 2.86

Configuration "_'IT (o)

g/R = 0.19
g//, =2.64

Pt, j/Po

O 1.99 A 4.30
E] 2.91 IN 5.16
O 5._6

.4 .6 .8 1.0

(b) Configuration VIII.

Figure 6.- Continued.
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(a) Configurations I and II.

Figure 7.- Variation of nozzle performance with Jet total-pressure
ratio for series A nozzles.
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Figure 8.- Variation of nozzle performance wLth jet total-pressure

ratio for series B nozzles. @ = i_ °.
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Figure 8.- Concluded.
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